Objectives: The purpose of this study was to investigate variations in IncF plasmids and the genetic environments of bla CTX-M-15 in CTX-M-15-producing Escherichia coli and Klebsiella pneumoniae isolates from South Korea.
Introduction
The fitness of bacteria with IncF plasmids increases due to the virulence factors and antimicrobial resistance determinants that these plasmids contain. 1 Particularly, IncF plasmids frequently harbour a gene that encodes CTX-M-15, 2 which is the most prevalent extended-spectrum b-lactamase (ESBL) among Enterobacteriaceae worldwide. The addiction systems of IncF plasmids also contribute to the persistence of these plasmids and their adaptation to bacterial hosts. 3, 4 Although some internationally disseminated clones of CTX-M-15-producing Escherichia coli and Klebsiella pneumoniae isolates have been identified in South Korea, this ESBL has been identified in diverse clones, indicating independent acquisition. 3 In a previous study, it was found that the plasmids of most CTX-M-15-producing K. pneumoniae isolates from Asian countries, including South Korea, are replicon type IncFIIA. 5 In this study, we performed replicon sequence typing of IncF plasmids in CTX-M-15-producing E. coli and K. pneumoniae isolates from South Korea, and investigated the genetic environments of the bla CTX-M-15 gene in order to evaluate the origin and evolution of these plasmids.
Materials and methods
A total of 56 E. coli isolates and 15 K. pneumoniae isolates carrying the bla CTX-M-15 gene were included in this study. The isolates were collected from patients with bacteraemia during September to December 2008, from nine hospitals in various regions of South Korea. Data regarding multilocus sequence typing (MLST) were obtained in a previous study. Plasmid DNA samples from the isolates and their transformants were extracted using a Qiagen Plasmid Midi Kit (Qiagen, Hilden, Germany), according to the manufacturer's instructions. The transferability of the antimicrobial resistance among the E. coli and K. pneumoniae isolates was accomplished using an E. coli DH5a strain. Transconjugants were selected from agar plates and subjected to further plasmid analyses, such as replicon sequence typing and determination of the genetic environments of bla CTX-M-15 . The plasmid replicon types of the CTX-M-15-producing isolates were identified using the PCR-based replicon-typing method, as previously described. 6 IncF replicon sequence typing was performed as described by Villa et al. 4 Restriction fragment length polymorphism (RFLP) was performed on plasmids containing bla CTX-M-15 . Plasmids were purified and digested with HpaI (Fermentas, St Leon Roth, Germany). IncF plasmids carrying the bla CTX-M -type genes from the transformants were identified using the protocols available at http://pubmlst.org/plasmid/. The genetic environment of the bla CTX-M-15 gene was characterized using PCR mapping and sequencing. 
Results
Very diverse IncF-replicon sequence types (RSTs) were identified in CTX-M-15-producing E. coli and K. pneumoniae isolates from South Korea. A total of 34 and 10 IncF-RSTs were identified among the 56 E. coli and 15 K. pneumoniae isolates, respectively (Table 1) . RFLP also indicated very diverse plasmid patterns and although some plasmids with the same IncF-RST showed similar RFLP patterns, there were variations within them ( Figure S1 , available as Supplementary data at JAC Online). Among the E. coli isolates, the F31:A1:B1 plasmid was the most frequently found (n¼ 8), followed by F1:A2:B20 (n¼ 6) and F2:A1:B2 (n¼ 4). A total of 26 IncF-RSTs were found in only one E. coli isolate. The two main CTX-M-15-producing E. coli clones, ST131 and ST405, showed different diversity of IncF-RSTs. Although F2:A1:B2 plasmids were found in three ST131 isolates, the other nine IncF-RSTs were each identified in only one ST131 isolate. On the other hand, only four kinds of IncF-type plasmids were found among the 13 ST405 isolates. Seven out of eight F31:A1:B1 plasmids and three of the F1:A2:B20 plasmids were carried in ST405. ST410 and ST648, the other frequently found CTX-M-15-producing E. coli clones in South Korea, also showed diverse IncF-RSTs (Table 1) .
Among the K. pneumoniae isolates, the F35:A2:B2 plasmid was the most prevalent (n¼ 3) and was carried by only the ST11 clone. The F35:A1:B2, F45:A2:B2 and F45:A1:B2 plasmids were found in two CTX-M-producing K. pneumoniae isolates, respectively. No IncF-RSTs were found to be simultaneously present in both E. coli and K. pneumoniae isolates, indicating that plasmids harbouring the bla CTX-M-15 gene may differ between E. coli and K. pneumoniae in South Korea.
Six different genetic environments, which are referred to as A-F and correspond to 2a -2f in a previous study, 7 were found surrounding bla CTX-M-15 in the E. coli and K. pneumoniae isolates in this study (Table 2) . Although five different genetic environments (A, B, C, E and F) of bla CTX-M-15 were identified among 46 E. coli isolates, they were not determined in 10 E. coli isolates. Among CTX-M-15-producing E. coli isolates from South Korea, the majority harboured genetic environment A with an intact copy of ISEcp1, which has been reported worldwide.
7 This genetic environment was found in 14 different STs (Table 2 ). In addition, bla CTX-M-15 genetic environment A was identified in 23 different IncF-RSTs. Six F1:A2:B20 plasmids showed bla CTX-M-15 genetic environment A, i.e. the genetic environment surrounding bla CTX-M-15 was the same in all F1:A2:B20 plasmids. The F2:A1:B2, F2:A1:B1 and F31:A1:B1 plasmids harboured bla CTX-M-15 genetic environment A. The second most frequently found genetic environment was F with 437 bp ISEcp1 truncated by IS26. In particular, six ST405 isolates harboured this genetic environment. Of the six ST405 isolates with bla CTX-M-15 genetic environment F, four and two isolates had F31:A1:B1 and F31:A1:B10 plasmids, respectively.
Fifteen CTX-M-15-producing K. pneumoniae isolates harboured three bla CTX-M-15 genetic environments (A, D and E). As in E. coli, genetic environment A was the most prevalent in K. pneumoniae and five K. pneumoniae isolates showed bla CTX-M-15 genetic environment F. Interestingly, all ST15 isolates exhibited genetic environment A and all ST11 isolates exhibited genetic environment F. Two CTX-M-15-producing K. pneumoniae isolates harboured a 24 bp ISEcp1 remnant, which was designated as genetic environment 2d by Dhanji et al. 7 and is characteristic of pEK499 in UK E. coli strain A belonging to ST131. 8 However, this genetic environment was not found in the E. coli isolates included in this study. Different types of plasmids of different clones carried this genetic environment D.
Discussion
In this study, we investigated the characteristics of plasmids harbouring bla CTX-M-15 via replicon sequencing typing and determined its genetic environments. The most impressive finding in this study was the remarkable diversity of IncF-RSTs. In a pioneering study designing replicon sequence typing of IncF plasmids, it was reported that plasmids carrying the bla CTX-M-15 gene belong to five groups: F2:A2:B2, F2:A1:B2, F22:A1:B20, F31:A4:B10 and F31:A4:B1. 4 Of these, only the F2:A1:B2 plasmid was found in this study. F1:A1:B1 was also reported in the pMLST database (www.pubmlst.org/plasmid), but it was not positive for bla CTX-M-15 . Although the F18 and F31 plasmid types were common in the pMLST database, the F35, F36 and F49 plasmid types were not found in it. Several studies have reported that IncF plasmids harbouring the bla CTX-M-15 gene are not homogeneous. 4 Indeed, IncF plasmids associated with CTX-M-15 are far more heterogeneous than previously known. Although there were instances of the same IncF-RST being identified in multiple isolates of certain clones, they were limited to only a few cases. Along with the finding that CTX-M-15-producing isolates were found in diverse clones of E. coli and K. pneumoniae, our results reveal that diverse IncF plasmids bearing bla CTX-M-15 have incorporated into diverse strains of E. coli and K. pneumoniae, contributing to the spread of the CTX-M-15 ESBL. However, it is also noticeable that some plasmids are prevalent in specific E. coli clones, such as F1:A2:B20 and F31:A1:B1 in ST405, and F2:A1:B2 in ST131.
However, it should be noted that IncF plasmids may be under low selective pressure and, as a result, their nucleotide evolution rate may be very high. In addition, extensive recombination events among IncF plasmids, which may contribute to plasmid diversity, evolution and persistence, are involved in the mosaic structure of bla CTX-M-15 -bearing plasmids. A recent study reported high levels of recombination for IncF plasmids carrying bla CTX-M-15 and their reassociation. 9 Thus, the extensive diversity of plasmid types in CTX-M-15-producing isolates may be due to Shin et al. the transfer of the bla CTX-M-15 gene among IncF plasmids, frequent recombination and mutation of the plasmids, and frequent and independent incorporation of the plasmids.
It is also noteworthy that no IncF-RSTs were shared by CTX-M-15-producing E. coli and K. pneumoniae isolates. While global dissemination of CTX-M-15 in E. coli isolates was reported in the mid-2000s, the emergence of CTX-M-15-producing K. pneumoniae isolates may be more recent and may be restricted to certain regions, including Asia. 5 It has been proposed that the horizontal transfer of bla CTX-M-15 from E. coli to Plasmids of E. coli and K. pneumoniae producing CTX-M-15 1855 JAC K. pneumoniae has occurred by the conjugation of IncFII plasmids. 10 However, the results of the present study suggest that bla CTX-M-15 has not been transferred directly from E. coli to K. pneumoniae. Instead, the independent transfer of bla CTX-M-15 -bearing IncF plasmids into E. coli and K. pneumoniae isolates, respectively, seems more plausible. Otherwise, the recombination of IncF plasmids from E. coli and K. pneumoniae might have occurred.
In this study, we identified an extensive diversity of RSTs of IncF plasmids and genetic environments surrounding bla CTX-M-15 among CTX-M-15-producing E. coli and K. pneumoniae isolates from South Korea. Our findings suggest that many IncF plasmids, rather than a few limited plasmids, have incorporated into diverse strains of E. coli and K. pneumoniae, contributing to the spread of the CTX-M-15 ESBL. Shin et al.
